INTRODUCTION
The Mitis group of the genus Streptococcus currently comprises 20 species with validly published names (Streptococcus mitis, Streptococcus oralis, Streptococcus pneumoniae, Streptococcus pseudopneumoniae, Streptococcus dentisani, Streptococcus
tigurinus, Streptococcus infantis, Streptococcus peroris, Streptococcus sanguinis, Streptococcus parasanguinis, Streptococcus gordonii, Streptococcus cristatus, Streptococcus oligofermentans, Streptococcus australis, Streptococcus massiliensis, Streptococcus rubneri, Streptococcus lactarius, Streptococcus sinensis, Streptococcus oricebi and Streptococcus panodentis).
Although sometimes giving rise to infections like septicaemia and subacute endocarditis in predisposed individuals, they are most generally regarded to be commensal inhabitants of the oral cavity and upper respiratory tract (Doern & Burnham, 2010) . The exception is S. pneumoniae, which is one of the leading bacterial pathogens on a global scale, causing infections like pneumonia, meningitis, septicaemia and middle ear infections (Mitchell, 2003; Ralph & Carapetis, 2013) . Correct identification and delineation of the species belonging to the Mitis group of the genus streptococci is, therefore, of great importance.
The current method for characterization and description of novel bacterial species, including members of the Mitis group of the genus Streptococcus, is based on the polyphasic approach in which all available phenotypic and genotypic data are included in a consensus classification (Vandamme et al., 1996) . However, species belonging to the Mitis group of the genus streptococci display considerable phenotypic and genetic intra-species variation. It is, therefore, challenging to define phenotypic and genetic characteristics that can circumscribe the individual species (Hoshino et al., 2005; Kikuchi et al., 1995; Kilian et al., 1989) . Furthermore, 16S rRNA genes of species of the Mitis group show considerable sequence similarities and sometimes overlap (Kilian et al., 2008) . This is a particular problem for S. mitis, S. pneumoniae, S. pseudopneumoniae, S. oralis, S. dentisani and S. infantis, making 16S rRNA gene sequences less suitable for identifying isolates and for circumscribing novel species (Kawamura et al., 1995; Scholz et al., 2012) . Remarkably, DNA-DNA hybridization, which until recently was the gold standard for circumscribing bacterial species, displays considerable intra-species variability, especially within S. mitis and S. oralis, with values below the normal species boundary of 70 % DNA-DNA relatedness (Kilian et al., 1989 (Kilian et al., , 2008 . Consequently, descriptions of species require a comprehensive collection of reference strains to verify genuine novelty. This requirement has not always been met in frequent descriptions of novel species within the Mitis group. One additional explanation for the taxonomic difficulties may be the extensive intra-and interspecies recombinations that occur within this group (Chi et al., 2007; Donati et al., 2010; Jensen et al., 2015; Kilian et al., 2014) . These factors combined, render species-level identification of strains belonging to the Mitis group of the species streptococci challenging.
Multilocus sequence analysis (MLSA) may bypass the taxonomic difficulties caused by recombination (Gevers et al., 2005; Hanage et al., 2006) . MLSA was used with success in taxonomic evaluation of the species belonging to the Mitis group of the genus streptococci and revealed several problems in the previous classification of strains within this group, especially for strains assigned to the species S. mitis, S. oralis and S. infantis (Bishop et al., 2009; Hoshino et al., 2005; Kilian et al., 2008) . One example is strains originally assigned to S. mitis biovar 2, because they have phenotypic characteristics resembling those of S. mitis (Kilian et al., 1989) . MLSA analysis revealed that such strains form a subcluster within the S. oralis clade (Bishop et al., 2009) . In addition, these analyses revealed another subcluster within the S. oralis clade that exclusively consisted of IgA1 protease-negative strains. Recently, two novel species, S. dentisani and S. tigurinus, which are closely related to S. oralis, have been described (Camelo-Castillo et al., 2014; Zbinden et al., 2012) without inclusion of strains representing the abovementioned subclusters of the S. oralis clade identified by MLSA.
Within the past decade, sequencing of complete bacterial genomes has become less time-consuming and expensive (Loman & Pallen, 2015) . Genome sequences are now available for most bacteria associated with humans, making whole genomes the ultimate tool for taxonomic studies of bacteria, as well as for identifying novel isolates at the species level (Richter & Rossello-Mora, 2009; Whitman, 2015) . Recently, whole genome sequences have been used to evaluate evolutionary and taxonomic relationships of the entire genus Streptococcus (Gao et al., 2014; Lef ebure & Stanhope, 2007; Thompson et al., 2013) , and we have also used whole genome sequences to elucidate the phylogenetic relationship of the related species S. oralis, S. mitis, S. pneumoniae, S. pseudopneumoniae and S. infantis of the Mitis group of the genus streptococci .
The aim of this study was to re-evaluate the taxonomy of species belonging to the Mitis group of the genus streptococci using 195 available genomes in a comparative phylogenetic analysis based on core genome sequences, MLSA and 16S rRNA gene sequences, combined with estimations of average nucleotide identity (ANI) and in silico and in vitro analyses of specific phenotypic characteristics. Although the study confirms many of the existing species, several new problems have been uncovered.
METHODS
Bacterial strains and biochemical characterization. A total of 195 genomes comprising all publicly available genomes of strains belonging to the Mitis group of the genus streptococci (as of December 2015) with the exception of the species S. pneumoniae and S. sanguinis were included in the present study. The two available genomes of S. massiliensis were excluded from the study due to its genomic divergence from other species of the Mitis group of the genus streptococci. Several of the 195 genomes were from strains that are in the GenBank database and listed as Streptococcus sp. (Table S1 , available in the online Supplementary Material).
MLSA. The MLSA scheme originally developed by Bishop et al. (2009) was used, which is based on phylogenetic analysis of concatenated sequences of seven housekeeping genes to identify isolates of the genus Streptococcus, with a particular focus on the Mitis group of the genus streptococci. The seven housekeeping genes were extracted from most of the 195 genomes and concatenated according to the original scheme. MLSA data from Bishop et al. (2009) (http://www.emlsa.net) were included in our MLSA analysis. The concatenated sequences were analysed in MEGA 6.06 using the minimum evolution algorithm and 500 replications in bootstrap tests (Tamura et al., 2013) .
Whole genome comparisons. To establish the optimal phylogenetic relationship between strains, we developed our own method for comparing whole genome data from multiple strains. The method was previously used with success for whole genome phylogenetic analyses of Propionibacterium acnes strains (Scholz et al., 2014) . A phylogenetic reference tree was reconstructed using shared core sequences of the genomes of strains of the species Streptococcus. In the extraction of the core genomes the closed genome of S. oralis strain Uo5 (Reichmann et al., 2011) was used as the reference. (Camacho et al., 2009) with no lower limit for identity. However, blastn hits were chosen only if the algorithm was able to align at least 50 % of the query sequence to the genome sequence. Any fragment from the reference genome that did not yield a hit from all the genomes included was discarded, and the rest were aligned using MUSCLE v. 3.8.31 (Edgar, 2004) and concatenated into a 313 115 bp sequence. A phylogenetic tree was reconstructed in MEGA 6.06 (Tamura et al., 2013) using the minimum evolution algorithm and 500 replications in the bootstrap test with the 'complete deletion' option to exclude gaps from the analysis. The size of the core genome changes if genomes are added to, or deleted from, the analysis. To detect whether or not these changes altered the overall topology of phylogenetic trees, the initial analyses were repeated on two new sets of sequences extracted from strains that, in the initial phylogenetic genomic core tree, clustered in clades corresponding to S. mitis, S. oralis and S. infantis (reference strain S. oralis Uo5) and clades corresponding to S. australis, S. gordonii, S. parasanguinis, S. sanguinis and S. cristatus (reference strain S. cristatus ATCC 51100 T ), respectively ( Fig. 1 and Table S1 ). These analyses of more homogeneous collections of genomes resulted in concatamers of 802 323 and 603 432 bp, respectively. To further validate our script, we applied the online software module CSIPhylogeny, which generates phylogenetic trees from SNPs in the core genomes of closely related strains using default settings (https://cge.cbs.dtu.dk/services/CSIPhylogeny/) (Kaas et al., 2014) . As CSIPhylogeny was developed for very closely related strains, the analysis was made on strains corresponding to the S. mitis, S. oralis and S. infantis clades. CSIPhylogeny has been recently used for the identification of clinical isolates belonging to these clades (Rasmussen et al., 2016) .
The degree of identity at the DNA level between bacterial strains was defined by ANI analysis (Konstantinidis & Tiedje, 2005) . The ANIbvalues, based on blastn (Goris et al., 2007) , were calculated in JSpecies 1.21 (Richter & Rossello-Mora, 2009) . ANIb values of approximately 94-96 % were suggested to represent the boundary for prokaryotic species as they mirror the DNA-DNA hybridization level of approximately 70 % classically adopted as the minimal level of genetic relationships within prokaryotic species (Konstantinidis & Tiedje, 2005; Richter & Rossello-Mora, 2009 ). Genetic distances were calculated in MEGA 6.06 using the Kimura 2-parameter model (Tamura et al., 2013) .
16S rRNA gene analysis. Sequences of 16S rRNA genes were extracted from most of the genomes included in the study. In occasional strains, the 16S rRNA gene could not be located in the genomes. When different operons were detected, only a single sequence was included. Sequences of 16S rRNA genes of type strains, including type strains that have not been genome sequenced, were downloaded from GenBank. Phylogenetic analyses of the 16S rRNA genes were carried out in MEGA 6.06 (Tamura et al., 2013) using the minimum-evolution algorithm and evaluated by bootstrap analysis with 500 replications. Sequences of a total of 1317bp were included in the analyses of 16S rRNA genes.
In silico biochemical analyses. To evaluate biochemical characteristics, previously suggested to be differentiating markers of proposed species of the S. oralis cluster, we performed in silico analyses of the presence of genes of four enzymes, IgA1-protease, arginine dihydrolase/deiminase, a-galactosidase and N-acetyl-b-D-glucosaminidase (Camelo-Castillo et al., 2014; Kilian et al., 1989; Zbinden et al., 2012) . The following reference nucleotide sequences were used as templates in the search of genomes for the presence of the genes: IgA1-protease from S. oralis ATCC 35037
T (Poulsen et al., 1998) (Accession: Y13224), arginine dihydrolase/deiminase from 'S. mitis biovar 2' SK95 (locus_tag='HM-PREF9965_RS12185'), N-acetyl-b-D-glucosaminidase from S. tigurinus AZ 3a T (locus_tag='H354_RS15955') and a-galactosidase from S. dentisani CECT 7747 T (locus_tag= HK29_RS00300). The search for the arginine dihydrolase gene was extended to include other clades. The results of the in silico analyses were compared to the results of phenotypic examinations of strains available to us using methods previously described (Kilian et al., 1989) .
RESULTS

MLSA
Our MLSA data confirm the observations made by Bishop et al. (2009) that the Mitis group consists of several distinct clades supported by significant bootstrap values (Fig. 1) . With few exceptions, the MLSA clades are in agreement with the current taxonomy, as indicated by the clustering of designated type strains, although the long branches indicate unusually large phylogenetic distances within individual clades. Only strains of the species S. pneumoniae and S. pseudopneumoniae seem to constitute dense clusters within the S. mitis clade, as previously reported (Kilian et al., 2008 . In addition, MLSA showed that numerous genomes available in the NCBI databases may be incorrectly identified, as they cluster with unexpected species based on their respective labels (see below).
The S. oralis clade appears less coherent and, in addition to the type strain of S. oralis (ATCC 35037 T ), contains strains of the two newly described species, S. dentisani and S. tigurinus, as well as all the strains previously labelled S. mitis biovar 2 (Kilian et al., 1989) . Likewise, strains labelled as S. cristatus and S. oligofermentans, including type strains of the two species, cluster together ( Fig. 1) , in spite of the fact that the distance between the type strain of S. cristatus ATCC 51100
T and the type strain of S. oligofermentans AS 1.3089 T is relatively high. In addition to the sole strain of the species S. peroris, the S. infantis clade consists of at least two distantly related clusters that may represent two separate taxa. Finally, two unidentified strains, 1116_SGOR and F0418, are not related to any of the current species and may represent novel species within the Mitis group of the genus streptococci.
Genomes
To increase the resolution, we repeated the analyses with core sequences extracted from the available genomes of the Mitis group, excluding the two genomes of S. massiliensis. As shown in Figs 2, 3 and 4, the overall topography of the phylogenetic trees was in agreement with the MLSA tree. The Mitis group of streptococci clearly consists of several genetically discrete clades supported by significant bootstrap values. Distinct subclusters are apparent in the S. mitis, S. oralis and S. infantis clades (Fig. 2) . The overall topology of the phylogenetic trees did not change if strains were added to, or deleted from, the analyses (Figs 2 and 3 ). Furthermore, similar topology to that shown in Fig. 3 was found when using CSIPhylogeny for phylogenetic analysis (Fig.  S1 ), indicating that our methods were robust and reproducible. Figs 2, 3 and 4 provide evidence that a proportion of publicly available genomes in GenBank are incorrectly . Minimum evolution tree based on the MLSA scheme. The seven housekeeping genes used in the MLSA scheme were manually extracted and concatenated from most of the genomes included in the study (Table S1 ). In addition, concatenated sequences from the study of Bishop et al. (2009) were also included. Strains are coloured according to previous species annotation in the GenBank database, and in the study of Bishop et al. (2009 S. mitis clade. From the MLSA tree, the core-genome based tree confirms our previous observations , which demonstrated that the S. mitis clade includes a large number of very distinct lineages, two of which are S. pneumoniae and S. pseudopneumoniae (Fig. 2) . With the exception of S. pneumoniae and S. pseudopneumoniae, nearly all strains within the clade diverge from each other at the very base of the cluster indicating the significant genetic distance between individual strains. Furthermore, the genetic distances between strains from separate clusters are very similar (Table S2) . Interestingly, the genetic distance between some strains of the species S. mitis is larger than the N C T C 7 4 6 5 T T a iw a n 1 9 F -1 4 S M R U 5 5 6 M N Z 1 4 1 6 3 S P S E S K 1 0 8 0 3 3 0 S P S E S K 5 9 7 S K 5 6 4 8 5 0 S M IT S K 6 0 8 S K 5 7 5 2 1 / 3 9 3 8 0 S P S E ; 2 8 9 S P S E ; 2 7 7 S P S E 1 1 1 1 S M IT ; 1 2 1 3 S P S E 2 0 5 S P S E 1 2 7 1 re p 1 S P S E 12 72 SP SE SK 57 8 13/3 9 SK112 6 18/56 SK321 OT2 5 KC OM 135 0 44 5 SP SE SK 10 73 31 5 S P S E S K 1 3 7 S K 1 4 5 3 8 S P S E 1 2 1 7 S P S E 1 6 8 s p s e 1 1 / 5 1 0 4 2 S P S E 2 9 / 4 2 S K 2 7 1 2 7 / 7 Taxonomy of the Mitis group streptococci distance to strains of species of S. pneumoniae and S. pseudopneumoniae. We previously presented an evolutionary model to explain this unusual situation (Kilian et al., 2008) .
The core-genome based analysis confirms that strain SK643, labelled Streptococcus sp., constitutes a distinct lineage separate from the S. mitis clade. However, analysis of more Fig. 3 . Minimum evolution tree based on the core genome sequences of 135 genomes from GenBank belonging to the S. mitis, S. oralis and S. infantis clades, as defined in Fig. 2 . The tree is based on 802 323 bp strains, which are coloured according to previous species annotation in the GenBank database. Type strains are colour-highlighted. Numbers at major branches represent bootstrap values based on 500 replications.
strains is required to conclude whether or not SK643 represents a distinct and coherent cluster of clones.
The S. mitis clade includes many mislabelled strains, many of which are S. mitis strains incorrectly identified as S. pseudopneumoniae (Table 1) . Paradoxically, most of these misidentified genomes originate from a study that was aimed at demonstrating the strength of genome-sequencing clinical isolates (Roach et al., 2015) .
S. oralis clade. The S. oralis clade constitutes four closely related, but relatively well-separated, clusters supported by high bootstrap values (Fig. 2) . One cluster (the dentisani cluster in Figs 2 and 3) included genomes of two strains of the newly proposed species, S. dentisani, including the type strain CECT 7747 T , two strains previously identified as 'S. mitis biovar 2' (Kilian et al., 1989) , but subsequently demonstrated to be closer to S. oralis (Bishop et al., 2009; Kilian et al., 2008) , as well as two genomes listed as Streptococcus Fig. 4 . Minimum evolution tree based on the core genome sequences of 60 genomes from GenBank belonging to the S. australis, S. parasanguinis, S. sanguinis, S. gordonii and S. infantis clades, as defined in Fig. 2 . The tree is based on 603 432 bp strains, which are coloured according to previous species annotation in the GenBank database. Type strains are colourhighlighted. Numbers at major branches represent bootstrap values based on 500 replications. (Sabharwal et al., 2015) , belongs to this cluster. The third cluster (the oralis cluster in Figs 2 and 3) includes the type strain of the species S. oralis ATCC 35037 T and several other strains listed as S. oralis. It also includes strains that are listed as the species S. pseudopneumoniae and Streptococcus sp. in the GenBank database. As in the S. mitis clade, the lineages of individual strains in the S. oralis clade are, with few exceptions, separated from each other at the base of the individual clusters, although these are validated by bootstrap analysis. In contrast to observations of the Mitis cluster, the genetic distances between the strains within defined clusters were considerably lower than the genetic distances to strains of other clusters (Table S2 ).
The three formally described species, S. oralis, S. dentisani and S. tigurinus, correspond to the clusters within the S. oralis clade. However, in accordance with the generally large genetic diversity among strains of defined clades in the Mitis group of the species streptococci, and the relatively poor separation of the three clusters (virtual lack of stalks), we argue that they represent subspecies of S. oralis (see below).
In addition to these defined clusters, two strains (843_SPSE and 'S. mitis' ATCC 6249) form a distinct cluster within the S. oralis clade. However, until more strains similar to these two strains are identified, we suggest that they are referred to as S. oralis genomo-subspecies 1.
S. infantis clade. The S. infantis clade comprises two distinct clusters in addition to the type strain of S. peroris ATCC 700780 T , which is a singleton (Figs 2 and 4) . The S. infantis cluster 1 comprises four strains of the species S. infantis, including the type strain ATCC 700779 T and two strains erroneously identified as S. mitis (SPAR10 and UC921A). The second S. infantis cluster included only one strain previously identified as S. infantis (SK1302), whereas the remaining strains are listed as S. pseudopneumoniae, S. oralis, S. mitis and Streptococcus sp. in GenBank (Table 1) . While the two clusters clearly represent distinct taxa, the genetic diversity within both is even larger than that observed for the S. mitis and S. oralis clades (Table S2 ). The accurate taxonomic assignment of the clusters requires further investigation. This also accounts for the singleton strain of the species S. peroris. Although this strain is distant from the other strains in the S. infantis clade, the addition of more strains to the analysis may uncover whether S. peroris is part of one of the two clusters, both currently labelled S. infantis, or whether it represents a distinct taxon.
S. cristatus clade. The S. cristatus clade includes three strains listed as the species S. cristatus, including the type strain (ATCC 51100 T ) and four strains listed as the species S. oligofermentans, including the type strain AS 1.3089 T (Figs 2 and 3 ). In addition, the type strain of the species S. sinensis, HKU4
T , is found in this clade, but is only distantly related to the other strains within the clade and most probably represents a distinct taxon at the species level.
Interestingly, the clustering of S. sinensis HKU4 T with S. cristatus and S. oligofermentans is in contrast to the MLSAderived phylogenetic representation, where S. sinensis HKU4 T forms its own branch, which is unrelated to other species (Fig. 1) . The seven strains of S. cristatus and S. oligofermentans, including the two type strains, represent a distinct and coherent cluster. The genetic distance between the two type strains is comparable to the distance between strains of the same species. On this basis, we conclude that S. oligofermentans is a later synonym of S. cristatus.
S. australis clade. The type strain of S. australis ATCC 700641
T is the only strain labelled as the species S. australis that has been genome sequenced. However, three unidentified strains of Streptococcus sp. join the cluster defined by the type strains of the species S. australis (Figs 2 and 3 , Tables 1 and S2).
S. parasanguinis clade. The S. parasanguinis clade consists of at least two clusters and one singleton supported by significant bootstrap values (Figs 2 and 3) . However, the overall genetic diversity within the clusters was low compared to other clades in the Mitis group of streptococci and the clustering may be a result of the limited sample (Table S2) . Therefore, formal subdivision of the species is not warranted.
S. sanguinis and S. gordonii clades. Both clades constitute distinct and coherent clusters corresponding to the current taxonomy (Figs 2 and 3) . Interestingly, of the nine strains included in the S. gordonii clade four are assigned to other species in the GenBank entries of genome sequences (Table 1) . Regarding the strain labelled as 'S. mitis NCTC 10712', the depositors seem to have sequenced a strain that does not correspond to the authentic S. mitis NCTC 10712 strain. This strain was previously genome sequenced and does belong to S. mitis as expected . The genome of the authentic S. mitis NCTC 10712 has recently been released, and was, therefore, not included in the analyses (Denapaite et al., 2016) .
Unnamed clade. In addition to the clades that include designated type strains of species with validly published names, we have identified a novel and distinct lineage consisting of two strains, one unidentified strain Streptococcus sp. F0418 and a strain labelled as S. gordonii 1116_SGOR. Based on our analysis, the closest relatives of the two strains are strains of the S. gordonii clade. More strains belonging to this novel clade must be identified before a formal description of this new taxon can be made.
Identical genome sequences. Our genomic analysis identified several genomes with very similar sequences. In most cases these were genomes from the same study, such as 289_SPSE, 277_SPSE, 380_SPSE and 1111_SMIT; 1213_SPSE in the S. mitis clade. Whether this is due to unintentional resequencing or small epidemics of this strain has to be evaluated. So far, virtually every strain of the species S. mitis that has been examined is genetically unique . Likewise, we found identical genomes in the S. oralis cluster, i.e. BS29a, BS35b, and BS21, 1366, 2425 and 2426, and SK141 (S. mitis), OP51, and SK141 (S. oralis). The background of the identical genomes labelled BS29a, BS35b and BS21 may be as proposed above. The genomes of 1366, 2425 and 2426 in the S. oralis clade is due to sequencing of different isolates from the same patient with strains 2425 and 2426 being smallcolony variants of strain 1366. Although very few nucleotide differences between the strains were detected using comparative genomics, these differences were so small that they could not be detected by our methods. (Zbinden et al., 2014) . The last group of strains of the species S. oralis [SK141 (S. mitis), OP51 and SK141 (S. oralis)] consists of derivatives of the original strain labelled OP51 (Carlsson, 1967) , and reflects the changing taxonomy of the Mitis group of the genus streptococci (Bridge & Sneath, 1982; Kilian et al., 1989; Kilian et al., 2014) . Although re-sequencing of the same strain may be a valuable confirmation of the sequence, several entries of the same strain with different names are misleading and should be corrected.
ANI
As a new and alternative method to DNA-DNA hybridization, ANI has been used to describe pairwise genomic identity between strains. 
16S rRNA gene phylogeny
During the past 30 years 16S rRNA gene sequences have been essential components of the description of novel species and an important tool in the identification of novel isolates. Typically, full-length 16S rRNA gene sequence similarities of below 97 %, and later 98.7 %, have been used to discriminate between species (Stackebrandt & Ebers, 2006; Stackebrandt & Goebel, 1994) . However, similarity levels do not apply to species within the Mitis group of the genus streptococci. In spite of the unusual overall genetic differences, the similarities between sequences of type strains are generally very high, especially between the type strains of the species within the S. mitis, S. oralis and the S. infantis clades (99.6-98.2 %) (Table S3 ). It is also evident from Fig. 6 that identification based on 16S rRNA gene sequences of strains belonging to the Mitis group streptococci may be problematic, especially for strains belonging to the S. mitis (including S. pneumoniae and S. pseudopneumoniae), S. oralis and S. infantis clades. Based on 16S rRNA sequences, strains of these clades clearly cluster together with no clear correlation with the clustering derived from core genome phylogeny (Fig. 6) . One interesting exception is the strains belonging to the tigurinus cluster, as these strains form a relatively well-defined taxon, based on 16S rRNA gene sequences.
Based on 16S rRNA phylogeny, S. sanguinis SK330 did not group together with other strains of S. sanguinus but with two strains, F0418 and 1116_SGOR, that formed a novel cluster based on core genome phylogeny (Fig. 6) . Similarly to the core genome tree, the type strains of S. oligofermentans AS 1.3089 T and S. cristatus ATCC 51100 T clustered together in the 16S rRNA gene tree (sequence identity 98 %; Table S3 ). While the type strain of the species S. cristatus clusters closely with the four other strains of S. cristatus, the type strain of the species S. oligofermentans is relatively distantly related to these strains and is found in a subcluster together with the type strain of the species S. sinensis HKU4 T .
Combined, these observations show that phylogenetic relationships within this group of bacteria derived from 16S rRNA gene sequence analysis do not always reflect the more valid phylogeny based on core genome sequences.
In silico phenotypic characterization
Our genomic analyses reveal that strains initially classified as S. mitis biovar 2 (Kilian et al., 1989) are genetically identical to the recently described species, S. dentisani (Camelo-Castillo et al., 2014) . Kilian et al. (1989) showed that S. mitis biovar 2 could be separated from other strains of the species S. mitis and from S. oralis by its ability to hydrolyse arginine. To determine whether all the strains within the dentisani cluster have the ability to hydrolyse arginine, we employed the gene responsible for arginine hydrolysis, arginine deiminase from strain SK95, in a blastn search. The gene was present in all the strains within the dentisani cluster with sequence identities of between 97 and 99 % (Table S4 ). In addition, the gene was also present in two strains, 843_SPSE and ATCC 6249, from the S. infantis clade with a lower degree of identity compared to the gene present in the dentisani cluster (82 %) (Fig. S2) .
The description of the species S. tigurinus included N-acetyl-b-D-glucosaminidase activity as a differentiating character relative to S. mitis and S. oralis (Zbinden et al., 2012) . However, in silico analyses revealed that all genomes in the S. oralis clade, including strains of the tigurinus and dentisani clusters, contained the gene for N-acetyl-b-Dglucosaminidase (Table S4 ). In addition, the gene was also found to be present in all strains of the S. mitis clade. Likewise, a-galactosidase activity was described as a distinguishing feature of S. dentisani relative to S. oralis and S. mitis (Camelo-Castillo et al., 2014) . However, our in silico analysis showed that the a-galactosidase gene was present in most genomes (Table S4 ). The gene was also irregularly distributed in the genomes of the species of S. mitis (data not shown).
Previously, IgA1 protease activity was shown to be present only in certain strains of the species S. oralis (Bek-Thomsen et al., 2012; Bishop et al., 2009; Kilian et al., 2008) . Our in silico analyses revealed that the IgA1 protease gene (zmpA) was present in all strains of the oralis cluster, but was lacking The ANIb values were calculated using default settings in the jspecies v1.2.1 software using the blastn algorithm (Goris et al., 2007) . The shaded area between an ANIb value of 94-96 % indicate the established boundary for taxonomically circumscribing prokaryotic species. from all strains of the dentisani and tigurinus clusters, except for strain 89a in the tigurinus cluster, although at a different location in the genome, presumably as a result of horizontal gene transfer. The unclassified strain ATCC 6249 also possessed the zmpA gene, while strain 843_SPSE did not (Table S4) .
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DISCUSSION
The taxonomy, including identification, of members of the Mitis group of the genus Streptococcus has long been the subject of debate and difficulty due to apparently conflicting results obtained with different types of analysis, combined with unusual genetic heterogeneity and overlapping phenotypic traits. This has hampered the identification of these bacteria and resulted in frequent misidentifications and a limited appreciation of their ecology and pathogenic potential. Furthermore, these problems sometimes affected the validity of new taxonomic proposals.
In this study, we have proved the value of using whole-core genomes in phylogenetic analyses of related species, such as those of the Mitis group. As expected, the resolution of phylogenetic analysis based on the core genome was superior to the resolution obtained by MLSA as previously used (Bishop et al., 2009; Hoshino et al., 2005) . Comparison of the results obtained by core genome phylogeny and analyses based on 16S rRNA gene sequences highlight the problems of the latter when applied to closely related taxa. Due to the particular evolutionary biology of some of the species, such as S. mitis, S. pneumoniae and S. pseudopneumoniae, 16S rRNA gene sequences do not offer the resolution that would normally be expected. Furthermore, the boundaries between some species, e.g., S. mitis and S. oralis, may be blurred by lateral transfer between species of 16S rRNA genes (Kilian et al., 2008) .
The level of ANI expressed as ANIb-values has been suggested as a tool for the definition of prokaryote species (Konstantinidis & Tiedje, 2005) . ANIb values of approximately 94-96 % were suggested to represent the boundary for prokaryotic species, such as the now outdated DNA-DNA hybridization level of approximately 70 % (Konstantinidis & Tiedje, 2005; Richter & Rossello-Mora, 2009 ). The results obtained for the Mitis group of the genus streptococci in this study illustrate the problems of defining particular levels of identity generally applicable to the definition of a species. As previously noted for S. mitis (Kilian et al., 2008) , the present study shows that the majority of the lineages that form coherent and distinct clusters equivalent to named species would qualify as separate species, according to both ANIb values and DNA-DNA hybridization levels (Fig. 5) . Consequently, the generally defined ANIb values for circumscribing species boundaries are not valid for species belonging to the Mitis group of the genus streptococci. However, ANIb values may be used to illustrate the general genetic identity between strains within a clade/cluster and between strains from separate clusters.
Our phylogenetic analyses, based on core genomes, confirm that the Mitis group consists of distinct and coherent clades with significant genetic diversity between individual lineages (Bishop et al., 2009; Kilian et al., 2008 Kilian et al., , 2014 . To a large extent, these clades corresponded to the current species. Our results, furthermore, confirm that the species S. pneumoniae and S. pseudopneumoniae represent successful lineages within the S. mitis clade .
We used a novel method to generate phylogenetic trees based on core genomes. To test the validity of the phylogenetic trees we used traditional bootstrap analysis, which resamples the data (in this case 500 times) by randomly excluding parts of the data. The results of our bootstrap analysis clearly support the robustness of the phylogenetic trees (Figs 2, 3 and 4) . Theoretically, the topology of the phylogenetic trees might change with inclusion or exclusion of different strains as the core genome obviously depends on the complete data set. However, this was not the case as the topology of the trees in Figs 3 and 4, generated from subsets of strains used in Fig. 2 , is similar to the topology of the tree shown in Fig. 2 . Finally, repeating the analysis seen in Fig. 3 with the online software module, CSIPhylogeny, resulted in a topology that was highly similar (Fig. S2) . Overall, our method appears to be robust and reproducible. Although the analysis cannot be performed online, the method is described in detail and applied to other groups of bacteria (Scholz & Jensen, 2017) .
It is generally acknowledged that different parts of bacterial genomes may have different evolutionary histories. This is particularly so in bacteria that recombine, for example, by genetic transformation as do streptococci Lef ebure & Stanhope, 2007) . No part of the genome is exempt from such a recombinational processes. We have previously demonstrated that in strains of some species, e.g. S. oralis, the four 16S rRNA genes may be different, for example with two alleles characteristic of S. oralis and two characteristic of S. mitis (Kilian et al., 2008) . This illustrates the potential weakness of phylogenetic analysis based on 16S rRNA gene sequences or other single loci alone. The larger the parts of the genome that are included in an analysis, the more accurate the reconstruction of the intra-and inter-species relationships will be.
A significant proportion of the examined genomes from public databases were mislabelled, some due to changes in the taxonomy since the deposition, some due to relationships observed to non-authentic representatives of the respective species, and some due to laboratory mix-ups of strains. Like mislabelled 16S rRNA gene sequences this constitutes a major problem for researchers who use these genomes for downstream analyses and thereby perpetuate the mistakes. In particular, two papers published within the past year have contributed to the large number of incorrectly identified genomes in the GenBank database (Roach et al., 2015; Sabharwal et al., 2015) . These incorrectly identified strains clearly highlight the problems in identifying strains belonging to the Mitis group of the genus streptococci, but also emphasize the problem of making genomes, and sequences in general, publicly available without critical curation. Examination of single strains without cluster analysis involving the designated type strain and a suitable collection of well-characterized strains that cover the spectrum of diversity may result in erroneous species identification and mistaken conclusions about the novelty of a taxon. As a minimum, MLSA based on seven housekeeping genes (www.eMLSA.net) would prevent the majority of these problems (Bishop et al., 2009) . One example is the species S. oligofermentans (Tong et al., 2003) . Although the 16S rRNA gene sequence may suggest a separate taxonomic status (Fig. 6) , strains of S. oligofermentans including the type strain clustered together with strains of S. cristatus (Handley et al., 1991) in the tree based on core genomes (Fig. 2) . Another example is the clade containing strains of S. oralis, S. tigurinus and S. dentisani. Although forming one major clade, each type strain of these three species represent distinct clusters supported by high bootstrap values within the clade and each are joined by strains with a range of different labels (Fig. 3) .
The original descriptions of S. tigurinus and S. dentisani were based on 16S rRNA gene phylogeny, homology of a few house-keeping genes, DNA-DNA hybridization, and phenotypic characteristics for S. tigurinus, and 16S rRNA gene phylogeny, ANI-values and phenotypic characteristics for S. dentisani (Camelo-Castillo et al., 2014; Zbinden et al., 2012) . Strains belonging to the tigurinus cluster had a clearly distinctive 16S rRNA gene sequence, as also noted by Zbinden et al. (2012) . However, as demonstrated by the core genome tree (Fig. 3) , this does not reflect the overall genetic similarity to neighbouring taxa. Camelo-Castillo et al. (2014) found that the closest relative of the type strain of the species S. dentisani is the type strain of the species S. mitis, based on 16S rRNA sequence phylogeny. However, the DNA-DNA hybridization performed against the type strain of S. mitis showed low DNA-DNA homology between the two strains in support of their decision to propose it as a novel species. As shown by us and by other researchers, the 16S rRNA gene is very similar in strains of the species S. mitis and S. oralis clades and, therefore, it is not practical to use it for the differentiation of strains belonging to these two clades (Kawamura et al., 1995; Scholz et al., 2012) . DNA-DNA hybridization results have to be used with caution due to the the large intraspecies variation at the genomic level, which may result in very low DNA-DNA homology between strains of the same species (Kilian et al., 1989 (Kilian et al., , 2008 .
Comprehensive phenotypic characterization has become impractical in most laboratories. Limited phenotypic data should be used with caution when used for describing novel species of bacteria in general, and in particular for recombining bacterial species such as the Mitis group of the genus streptococci. As a result of horizontal gene transfers, combined with the isolated evolution of clones colonizing individual hosts, phenotypic characteristics may vary between strains belonging to the same species. Therefore, phenotypic characterisation of potential novel species in this genus should always be carried out in the context of a large and representive collection of strains from the closest neighbouring species. Furthermore, phenotypic data may vary according to the method used (Hoshino et al., 2005; Kilian et al., 1989) . This is propably the explanation of discrepancies between our in silico analyses for a-galactosidase and N-acetyl-b-D-glucosaminidase genes and the results reported in the formal describtions of S. dentisani and S. tigurinus (Camelo-Castillo et al., 2014; Zbinden et al., 2012) .
In conclusion, our whole genome analyses, combined with previous reports, show that phenotypic data, 16S rRNA phylogeny, DNA-DNA hybridization values, and ANI-values have limited applicability in the description and delineation of novel species within the Mitis group of the genus streptococci. We, therefore, propose that species belonging to the Mitis group of the genus Streptococcus, and delineation of species within this group are better described by cluster analysis of whole-genome sequences, as shown in Figs 2, 3 and 4; alternatively, MLSA data can be used. Using these criteria, we conclude that S. oligofermentans is a later synonym of S. cristatus. Although the two type strains may seem genetically distant when examined separately, similar distances were observed between isolates belonging to individual species, such as S. mitis, S. oralis and S. infantis.
Based on our results, we further propose that the S. oralis clade constitutes one species, S. oralis, which can be separated into at least three distinct subspecies: S. oralis subsp. oralis subsp. nov. (oralis cluster), S. oralis subsp. tigurinus comb. nov.
(tigurinus cluster) and S. oralis subsp. dentisani comb. nov.
(dentisani cluster). Whether there are ecological differences or differences in the pathogenic potential of the three subspecies has yet to be determined. It is noteworthy that S. oralis subsp. tigurinus has been isolated from different infections like endocarditis, meningitis, spondylodiscitis and prosthetic joint infections, as well as from patients suffering from periodontal infections, although a correlation with the latter has yet to be established (Gizard et al., 2013; Zbinden et al., 2012 Zbinden et al., , 2014 Zbinden et al., , 2015 . Furthermore, Frandsen et al. 1991 found that S. oralis subsp. dentisani (described as S. mitis biovar 2) was rarely found in subgingival plaque samples, but was the most abundant species of the genus Streptococcus on the tongue dorsum, in contrast to S. oralis, which was abundant in initial biofilms forming on dental enamel but completely absent from the tongue dorsum. This observation might indicate that S. oralis subsp. dentisani has less pathogenic potential than the two other subspecies of S. oralis. In addition, isolates of 'S. mitis biovar 2', now part of S. oralis subsp. dentisani, were reported to react uniquely with a Lancefield Group K (Levy) antiserum (Kilian et al., 1989) . Whether this is a distinguishing feature of all strains of S. oralis subsp. dentisani has yet to be established.
Finally, cluster analysis carried out here, based on wholecore phylogeny revealed a novel clade in the Mitis group of the genus streptococci, indicating that the Mitis group comprises yet uncharacterised species. More strains will have to be examined before any formal description of the clade can be made.
In conclusion, our data suggest that species belonging to the Mitis group of the genus streptococci are best described by cluster analysis based on whole-genome core sequences, or alternatively by MLSA. The incorrect species identification of many genomes (as well as 16S rRNA gene sequences) highlights the problems in identifying strains belonging to the Mitis group of streptococci, but also indicates the problems of making genomes available to the public without critical curation. Based on our findings we argue that, as a minimum, MLSA sequences should be extracted and analysed before a new genome from the Mitis group of the genus streptococci are deposited in public databases. Based on whole core genome phylogeny, we conclude that S. oligofermentans is a later synonym of S. cristatus. Phylogenetic analyses also showed that S. dentisani is equivalent to 'S. mitis biovar 2', and together with S. tigurinus and S. oralis are part of the same phylogenetic clade and, thus, should be considered a single species, with S. oralis comprising three subspecies: S. oralis subsp. oralis subsp. nov., S. oralis subsp. tigurinus comb. nov. and S. oralis subsp. dentisani comb. nov.
Emended description of Streptococcus oralis
Bridge & Sneath 1982 emend. Kilian et al. 1989 The main characteristics are those provided by Bridge & Sneath (1982) and Kilian et al. (1989) , with the following modification: some strains hydrolyse arginine.
The type strain of the species is NCTC 11427 T =ATCC 35037 T .
Description of Streptococcus oralis subsp. oralis (Bridge & Sneath, 1982) Jensen, and Kilian, subsp. nov.
This subspecies is the type subspecies of S. oralis and contains the type strain according to Rules 40a and 40b of the Bacteriological Code (Lapage et al., 1992) . The description follows that of Bridge & Sneath (1982) and Kilian et al. (1989) with the addition that all strains produce IgA1 protease and extracellular polysaccharide. They do not hydrolyse arginine.
The type strain of the subspecies is NCTC 11427 T =ATCC 35037 T .
Description of Streptococcus oralis subsp. dentisani comb. nov.
Streptococcus oralis subsp. dentisani (den.ti.sa¢ni. L. masc. n. dens tooth; L. adj. sanus healthy; N.L. gen. n. dentisani of a healthy tooth, pertaining to caries-free humans, from whom the organisms were isolated).
Basonym: Streptococcus dentisani (Camelo-Castillo et al., 2014) .
The description is the same as that provided by CameloCastillo et al. (2014) , with the addition that strains do not produce IgA1 protease or extracellular polysaccharide, but are able to hydrolyse arginine. Most strains possess the gene for a-galactosidase.
Strains were isolated from human caries-free tooth surfaces and from the dorsum of the human tongue. The type strain is Str. 7747 T (=CECT 8312 T =DSM 27088 T ).
Description of Streptococcus oralis subsp. tigurinus comb. nov.
Streptococcus oralis subsp. tigurinus (ti.gu.ri¢nus. L. masc. adj. tigurinus of, or pertaining to Tigurum, a district in Helvetia, the modern Zürich, the region where the bacterial species was first recognized).
Basonym: Streptococcus tigurinus (Zbinden et al., 2012) .
The description is as that provided by Zbinden et al. (2012) with the addition that most strains do not produce IgA1 protease and extracellular polysaccharide. Most strains possess the gene for a-galactosidase and all possess the gene for N-acetyl-b-glucosaminidase.
The type strain, AZ_3a T (=CCOS 600 T =DSM 24864 T ), was isolated from human blood.
